Abstract: Bulk acoustic wave (BAW) resonators are widely applied in filters and gravimetric sensors for physical or biochemical sensing. In this work, a new architecture of BAW resonator is demonstrated, which introduces a pair of reflection layers onto the top of a thin film bulk acoustic resonator (FBAR) device. The new device can be transformed between type I and type II dispersions by varying the thicknesses of the reflection layers. A computational modeling is developed to fully investigate the acoustic waves and the dispersion types of the device theoretically. The novel structure makes it feasible to fabricate both type resonators in one filter, which offers an effective alternative to improve the pass band flatness in the filter. Additionally, this new device exhibits a high quality factor (Q) in the liquid, which opens a possibility for real time measurement in solutions with a superior limitation of detection (LOD) in sensor applications.
Introduction
Bulk acoustic wave (BAW) resonators based on aluminum nitride (AlN) are one of the success stories in modern microwave technologies. AlN based BAW resonators have two basic architectures: Thin Film Bulk Acoustic Wave Resonator (FBAR), which is suspended above an air cavity, and Solidly Mounted Resonator (SMR), which utilizes a series of high and low impedance reflectors to isolate the resonator from the substrate. Thanks to their miniature sizes, high quality factors (Q) in air, and compatibilities with integrated circuit processing, BAW resonators have been used in a widespread applications, such as filters and duplexers in communication electronics [1, 2] , oscillators for frequency control, gravimetric sensors for physical [3] , chemical [4] and biological [5, 6] sensing, and general physics applications [7] .
For filter and duplexer applications, the spurious modes in resonators inevitably induce ripples in the pass band, which greatly degrade the flatness. Enlarging the resonator area in the series branch of the filter can subdue the ripples in the pass band, whereas it lowers the out-of-band rejection at a price. Though the flatness in the pass band can also be improved by introducing a frame or other structures into the device [8] , the introduced structures need to be optimized in several processing cycles, which complicates the device fabrication. An alternative method to improve the pass band flatness of the filter is to deploy dispersion type I and type II resonators for series and shunt branches, respectively, in a filter. Since the locations of spurious modes in frequencies are different according to the different dispersion types of resonators, the ripples in the pass band can be moved to the edge, which contributes to the pass band flatness significantly. However, AlN FBARs exhibit fixed dispersion type II properties, failing to be applied for this method. Though the acoustic dispersion type of an SMR can be tailored by tuning the thickness of the reflection layers [9, 10] , it is difficult to fabricate both type devices on the same chip, since the reflectors are at the bottom of the device.
In this paper, we present a new BAW resonator device, in which a reflection stack with specific thicknesses is introduced onto the top of an FBAR. Though the dependence of dispersion types on the stack was investigated before [9, 11] , the quantitative relations between them are not clarified yet. In this paper, we theoretically analyze the device stack through the computational modeling. As a result, the dispersion type of a given stack can be predicted. By varying the thicknesses of the reflection layers, the acoustic dispersion type of the device can be tailored. Since the reflection layers are on the top of the device, the dispersion relations could be post-tuned when the fabrication is accomplished, and it is also possible in process to fabricate resonators with both type I and type II dispersion types on one chip.
In addition, for sensing applications, the quality factor (Q) is a key parameter to guarantee the limitation of detection (LOD) of sensors. Since most biochemical sensing experiments are conducted in liquids, and real time measurements of frequency shifts are desirable, it is in great demand for resonators with high Q values in the liquid environment. Although the Q factors of FBAR and SMR devices are extremely high in air, they decline sharply when immerging in a liquid [12, 13] . Therefore, it is desirable to develop devices with high Q factors in liquids. In this work, as the reflector layers are on the top of the device, they can serve as an isolator to attenuate the acoustic wave leakage when the device is immerged in the liquid, preserving a high Q factor of the resonator.
Experimental Section

Device Architecture and Computational Modeling
The device is consisted of a conventional FBAR, which includes a piezoelectric layer sandwiched by top and bottom electrodes, and a reflection stack from the bottom up, as depicted in Figure 1 . The reflection stack is composed of a silicon oxide (SiO 2 ) layer and a molybdenum (Mo) layer. In a BAW resonator, there exist two wave modes-thickness extensional (TE) mode and thickness shear (TS) mode.
If the longitudinal cutoff frequency (f c,TE1 ) (or series resonant frequency f s ) is lower than the second shear wave cutoff frequency (f c,TS2 ), the device is defined as a type II dispersion device. On the contrary, devices whose f c,TE1 is higher than f c,TS2 are type I dispersion devices [8] .
Micromachines 2015, 7 1308
The reflection stack is composed of a silicon oxide (SiO2) layer and a molybdenum (Mo) layer. In a BAW resonator, there exist two wave modes-thickness extensional (TE) mode and thickness shear (TS) mode. If the longitudinal cutoff frequency (fc,TE1) (or series resonant frequency fs) is lower than the second shear wave cutoff frequency (fc,TS2), the device is defined as a type II dispersion device. On the contrary, devices whose fc,TE1 is higher than fc,TS2 are type I dispersion devices [8] . The acoustic dispersion types are susceptible to the stack, and both fc,TE1 and fc,TS2 can be figured out through a Transfer Matrix method [14] . For each layer in the stack, the relations between the field quantities of interest on both surfaces can be described by matrix:
where u, v, σ, and τ are the normal displacement, the tangential displacement, the normal stress, and the tangential stress, respectively; the subscripts top and bot represent the top and the bottom surface, respectively; and Mi is the Transfer Matrix of the ith layer. Take the bottom electrode as an example, its Transfer Matrix is: 
where ω, ρ, c, and t are the frequency, the density, the stiffness, and the thickness, respectively. According to the continuity conditions at the interfaces, the Transfer Matrix of the whole stack can be deduced as follows: Figure 1 . Illustration of the cross section of the new device: It is composed of a bottom electrode (BE), piezoelectric layer (Pz), top electrode (TE), and reflection layers.
The acoustic dispersion types are susceptible to the stack, and both f c,TE1 and f c,TS2 can be figured out through a Transfer Matrix method [14] . For each layer in the stack, the relations between the field quantities of interest on both surfaces can be described by matrix:
where u, v, σ, and τ are the normal displacement, the tangential displacement, the normal stress, and the tangential stress, respectively; the subscripts top and bot represent the top and the bottom surface, respectively; and M i is the 
where ω, ρ, c, and t are the frequency, the density, the stiffness, and the thickness, respectively. According to the continuity conditions at the interfaces, the Transfer Matrix of the whole stack can be deduced as follows:
where M is a 4ˆ4 Transfer Matrix, which condenses a multilayered system into a set of four equations correlating the boundary conditions at the first interface to that at the last interface.
Since both upper and lower surfaces of the device are exposed to air, the stresses on them are zero. Hence, the determination of the 2ˆ2 bottom left sub-matrix of M is zero. The determination can be rewritten in the form of a product of two factors, which are named as ye and ys, respectively:
where ye and ys are related to TE mode and TS mode, respectively. They are the sums of a few sinusoidal functions in terms of the thickness of each layer in the stack (the detailed derivations and the expressions of ye and ys can be found in the supplementary materials). We set each factor to be zero and solve for the frequencies to obtain the cutoff frequencies of each mode. By comparing the values of f c,TE1 and f c,TS2 , we could identify which type the device is. Since these two factors are too complex to be solved by analytic method, we plot ye and ys versus frequencies, as shown in Figure 2 . Frequencies at zero crossing points are the cutoff frequencies we are looking for in each mode, and the values of cutoff frequencies can be read out on the axis directly. By comparing the values of f c,TE1 and f c,TS2 , the dispersion type of the device can be identified clearly.
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Since both upper and lower surfaces of the device are exposed to air, the stresses on them are zero. Hence, the determination of the 2 × 2 bottom left sub-matrix of M is zero. The determination can be rewritten in the form of a product of two factors, which are named as ye and ys, respectively:
where ye and ys are related to TE mode and TS mode, respectively. They are the sums of a few sinusoidal functions in terms of the thickness of each layer in the stack (the detailed derivations and the expressions of ye and ys can be found in the supplementary materials). We set each factor to be zero and solve for the frequencies to obtain the cutoff frequencies of each mode. By comparing the values of fc,TE1 and fc,TS2, we could identify which type the device is. Since these two factors are too complex to be solved by analytic method, we plot ye and ys versus frequencies, as shown in Figure 2 .
Frequencies at zero crossing points are the cutoff frequencies we are looking for in each mode, and the values of cutoff frequencies can be read out on the axis directly. By comparing the values of fc,TE1 and fc,TS2, the dispersion type of the device can be identified clearly. The relations between cutoff frequencies and stack layers are investigated. For computational simplicity, the thickness ratio of both the top and the bottom electrode to the piezoelectric layer is set to be k, and the ratio of the SiO2 layer and the topmost Mo layer to the piezoelectric layer is set to be kOx and kMo, respectively. Since the cutoff frequencies are functions of k, kOx, and kMo, the investigations are conducted first in the condition of a fixed k value, and it is set to be 0.2. Either kOx or kMo is varied in a series of values while keeping the other as a constant, and both fc,TE1 and fc,TS2 are The relations between cutoff frequencies and stack layers are investigated. For computational simplicity, the thickness ratio of both the top and the bottom electrode to the piezoelectric layer is set to be k, and the ratio of the SiO 2 layer and the topmost Mo layer to the piezoelectric layer is set to be k Ox and k Mo , respectively. Since the cutoff frequencies are functions of k, k Ox , and k Mo , the investigations are conducted first in the condition of a fixed k value, and it is set to be 0.2. Either k Ox or k Mo is varied in a series of values while keeping the other as a constant, and both f c,TE1 and f c,TS2 are figured out and plotted in Figure 3a ,b. It is known from the figures that the reflection layers have greater impact on f c,TS2 than f c,TE1 . When the thickness of SiO 2 or Mo layer reaches a certain value, f c,TE1 is equal to f c,TS2 , and this is defined as the critical condition for the dispersion type conversion. As the thickness of one of the reflection layers exceeds the critical value, f c,TE1 surpasses f c,TS2 , which means that the device is transformed from type II to type I. On the other hand, if the thicknesses of the reflection layers are less than the threshold, the device preserves the characteristic of the type II.
The values of k Ox and k Mo in the critical conditions for FBAR type transfermation (i.e., in the condition of f c,TE1 = f c,TS2 ) with various k values are calculated and plotted in Figure 3c . Each curve exhbits a negative correlation between k Ox and k Mo ; that is to say, in the critical conditions, the thickness increase of one reflection layer induces the thickness decrease of the other one. By comparing these curves, it is also observed that larger k value corresponds to larger k Ox and k Mo , suggesting that thicker reflection layers are needed for type conversion in the device with a smaller piezoelectric coupling coefficient (k 2 t,eff ).
fc,TE1 is equal to fc,TS2, and this is defined as the critical condition for the dispersion type conversion. As the thickness of one of the reflection layers exceeds the critical value, fc,TE1 surpasses fc,TS2, which means that the device is transformed from type II to type I. On the other hand, if the thicknesses of the reflection layers are less than the threshold, the device preserves the characteristic of the type II.
The values of kOx and kMo in the critical conditions for FBAR type transfermation (i.e., in the condition of fc,TE1 = fc,TS2) with various k values are calculated and plotted in Figure 3c . Each curve exhbits a negative correlation between kOx and kMo; that is to say, in the critical conditions, the thickness increase of one reflection layer induces the thickness decrease of the other one. By comparing these curves, it is also observed that larger k value corresponds to larger kOx and kMo, suggesting that thicker reflection layers are needed for type conversion in the device with a smaller piezoelectric coupling coefficient (k 2 t,eff). 
Simulations and Fabrications
A 2D finite element method (FEM) and solver software package (COMSOL MULTIPHYSISCS, Stockholm, Sweden) is adopted for simulations. Through the FEM simulations, a series of spatial amplitude distributions over different frequencies are available. Then, a fast Fourier transform (FFT) algorithm is applied to the amplitude dataset, yielding an amplitude distribution over the lateral propagation constant, thus the dispersion curves are obtained [15] . A type I device is designed following the theory, which is built by 2000 Å Mo, 5000 Å AlN, 2000 Å Mo, 5000 Å SiO2, and 5000 Å Mo from the bottom up. The FEM simulation outcome is illustrated in Figure 4a . fc,TE1 is greater than fc,TS2, suggesting it is a type I resonator, which agrees with the theoretical calculations. The dispersion curves of TE1 mode has its real wave numbers higher in frequency than fc,TE1, indicating that the spurious modes are in the frequency range higher than fs in the resonator. A type II device is also designed and simulated, whose stack is the same as that of the type I except that the top reflection layer of Mo is thinned to 1000 Å. The simulated dispersion relations are presented in Figure 4b . fc,TE1 is 
A 2D finite element method (FEM) and solver software package (COMSOL MULTIPHYSISCS, Stockholm, Sweden) is adopted for simulations. Through the FEM simulations, a series of spatial amplitude distributions over different frequencies are available. Then, a fast Fourier transform (FFT) algorithm is applied to the amplitude dataset, yielding an amplitude distribution over the lateral propagation constant, thus the dispersion curves are obtained [15] . A type I device is designed following the theory, which is built by 2000 Å Mo, 5000 Å AlN, 2000 Å Mo, 5000 Å SiO 2 , and 5000 Å Mo from the bottom up. The FEM simulation outcome is illustrated in Figure 4a . f c,TE1 is greater than f c,TS2 , suggesting it is a type I resonator, which agrees with the theoretical calculations. The dispersion curves of TE1 mode has its real wave numbers higher in frequency than f c,TE1 , indicating that the spurious modes are in the frequency range higher than f s in the resonator. A type II device is also designed and simulated, whose stack is the same as that of the type I except that the top reflection layer of Mo is thinned to 1000 Å. The simulated dispersion relations are presented in Figure 4b . f c,TE1 is less than f c,TS2 , exhibiting a characteristic of type II. Since real wave numbers are lower than f c,TE1 in TE1 dispersion branch, the spurious modes locate in frequencies below f s .
A CMOS-compatible AlN Micro-electromechanical Systems (MEMS) fabrication process is employed. The process starts by a RF sputtering deposition of 2000 Å Mo, and a plasma etching is used to pattern it as the bottom electrode. Then, 0.5 µm AlN, 2000 Å Mo, 5000 Å SiO 2 , and 5000 Å Mo are deposited in turn onto the bottom electrode, respectively. Next, the top two reflection layers are patterned by plasma etching all at once. Wet etching is then used to pattern the top electrode. Subsequently, AlN is etched by a combination of plasma etching and potassium hydroxide (KOH) wet etching. After AlN etch, the bottom electrode can be accessed. Gold (Au) is then evaporated and patterned by lift-off process, serving as electrical connections and testing pads. Finally comes the release by trickling xenon difluoride (XeF 2 ) gas into the release holes to etch the silicon beneath the device, forming an air cavity to reflect acoustic waves.
employed. The process starts by a RF sputtering deposition of 2000 Å Mo, and a plasma etching is used to pattern it as the bottom electrode. Then, 0.5 μm AlN, 2000 Å Mo, 5000 Å SiO2, and 5000 Å Mo are deposited in turn onto the bottom electrode, respectively. Next, the top two reflection layers are patterned by plasma etching all at once. Wet etching is then used to pattern the top electrode. Subsequently, AlN is etched by a combination of plasma etching and potassium hydroxide (KOH) wet etching. After AlN etch, the bottom electrode can be accessed. Gold (Au) is then evaporated and patterned by lift-off process, serving as electrical connections and testing pads. Finally comes the release by trickling xenon difluoride (XeF2) gas into the release holes to etch the silicon beneath the device, forming an air cavity to reflect acoustic waves. 
Results and Discussion
The scanning electron microscope (SEM) images of the top and the cross-sectional view of a fabricated resonator device are shown in Figure 5a ,b. The scattering parameters of the resonator are measured with a ground-signal-ground (GSG) probe and a vector network analyzer on wafer level. One-port calibration with short, open, and load standards is applied with the reference plane at the probe tips. The electrical responses of the device are depicted in Figure 5c ,d. From the figures, it is known that the spurious modes only appear in frequency range higher than fs, presenting a typical characteristic of the type I dispersion, which coincides with the theoretical predictions and the FEM simulations. The measured k 2 t,eff of the device is 4.7%, and the Q factor at fs is 1500. Since the energy in reflection layers can not be converted into the electrical energy, which decreases the electromechanical conversion efficiencies, the k 2 t,eff of the device is smaller than that of the FBAR. The Qs is slightly lower than that of the conventional FBAR [16] , which is mainly due to the the energy leakages and the damping losses of the additional reflection layers.
Since reflection layers are on the top of the device, it is feasible to post tune the dispersion relations though the fabrication is accomplished. The thickness of the top reflection layer is thinned from 
The scanning electron microscope (SEM) images of the top and the cross-sectional view of a fabricated resonator device are shown in Figure 5a ,b. The scattering parameters of the resonator are measured with a ground-signal-ground (GSG) probe and a vector network analyzer on wafer level. One-port calibration with short, open, and load standards is applied with the reference plane at the probe tips. The electrical responses of the device are depicted in Figure 5c ,d. From the figures, it is known that the spurious modes only appear in frequency range higher than f s , presenting a typical characteristic of the type I dispersion, which coincides with the theoretical predictions and the FEM simulations. The measured k 2 t,eff of the device is 4.7%, and the Q factor at f s is 1500. Since the energy in reflection layers can not be converted into the electrical energy, which decreases the electromechanical conversion efficiencies, the k 2 t,eff of the device is smaller than that of the FBAR. The Q s is slightly lower than that of the conventional FBAR [16] , which is mainly due to the the energy leakages and the damping losses of the additional reflection layers.
Since reflection layers are on the top of the device, it is feasible to post tune the dispersion relations though the fabrication is accomplished. The thickness of the top reflection layer is thinned from 5000 Å to 1000 Å, and the measured input impedance is plotted in Figure 6 . The spurious modes are in frequencies less than f s , indicating that the dispersion relations are changed, and it has been transferred to a type II dispersion from a type I property. When the thicknesses of both reflection layers are decreased to zero, the device becomes a traditional FBAR. From this point, an FBAR can be recognized as one of the devices among them. 5000 Å to 1000 Å, and the measured input impedance is plotted in Figure 6 . In filter applications, Resonators are electrically connected in a ladder or a lattice topology. They are marked as series resonators or shunt resonators according to their positions in the topology. In conventional FBAR filters, spurious modes below fs in series resonators give rise to ripples in the In filter applications, Resonators are electrically connected in a ladder or a lattice topology. They are marked as series resonators or shunt resonators according to their positions in the topology. In conventional FBAR filters, spurious modes below fs in series resonators give rise to ripples in the Figure 6 . The measured impedance data of the device with a thinner top reflection layer. The inset is the SEM image of the stack.
In filter applications, Resonators are electrically connected in a ladder or a lattice topology. They are marked as series resonators or shunt resonators according to their positions in the topology. In conventional FBAR filters, spurious modes below f s in series resonators give rise to ripples in the pass band (Figure 7c,d) . If type II resonators with the same area are replaced by type I resonators in the series branch, the ripples can be moved to the margin of the pass band, recovering the flatness in most of the pass band (Figure 7a,b) . The out-of-band rejection level is influenced by the area ratio of the shunt resonators to the series ones. Since the resonator areas are not changed, the substitution between types can maintain the rejection level in the out-of-band, and meanwhile suppress ripples in the pass band effectively. In the realization of the filter building, as the thicknesses of the reflection layers dominate the dispersion types, both type resonators can be realized in one filter by introducing different thicknesses of reflectors. As the reflectors are on the top of the device, it is convenient to fabricate two different thicknesses of them in different resonators by typical MEMS processes, coming to the implementation of a filter with both dispersion type resonators in it. Since the k 2 t,eff of the device is slightly lower, it is preferable to employ the device in filters with a narrow bandwidth.
series branch, the ripples can be moved to the margin of the pass band, recovering the flatness in most of the pass band (Figure 7a,b) . The out-of-band rejection level is influenced by the area ratio of the shunt resonators to the series ones. Since the resonator areas are not changed, the substitution between types can maintain the rejection level in the out-of-band, and meanwhile suppress ripples in the pass band effectively. In the realization of the filter building, as the thicknesses of the reflection layers dominate the dispersion types, both type resonators can be realized in one filter by introducing different thicknesses of reflectors. As the reflectors are on the top of the device, it is convenient to fabricate two different thicknesses of them in different resonators by typical MEMS processes, coming to the implementation of a filter with both dispersion type resonators in it. Since the k 2 t,eff of the device is slightly lower, it is preferable to employ the device in filters with a narrow bandwidth. In addition, the new device is also tested for sensing applications. It was reported that the minimum detectable mass (or LOD) is inversely proportional to the Q value of the device [4] , thus the high Q of the device further contributes to minor LOD of the sensor in biochemical sensing applications. The novel device is measured in both air and water conditions, and Figure 8a shows the performances in a Smith chart. The Q circle in water shrinks by a little scale compared to that in air. The Qs is 1500 in air, and 700 in water. The Q value in water is almost half of that in air. For comparison, an FBAR device is also tested in both environments, and the electrical performances are compared in Figure 8b . The Qs in air is over 1000, whereas it declines to less than 10 in water. The new device can keep a high Figure 7 . (a) The schematic structure and (b) the simulated pass band performance of a primary ladder filter composed by a type I series resonator and a type II shunt resonator; (c) The schematic structure and (d) the simulated pass band performance of a primary ladder filter composed by a type II series resonator and a type II shunt resonator.
In addition, the new device is also tested for sensing applications. It was reported that the minimum detectable mass (or LOD) is inversely proportional to the Q value of the device [4] , thus the high Q of the device further contributes to minor LOD of the sensor in biochemical sensing applications. The novel device is measured in both air and water conditions, and Figure 8a shows the performances in a Smith chart. The Q circle in water shrinks by a little scale compared to that in air. The Q s is 1500 in air, and 700 in water. The Q value in water is almost half of that in air. For comparison, an FBAR device is also tested in both environments, and the electrical performances are compared in Figure 8b . The Q s in air is over 1000, whereas it declines to less than 10 in water. The new device can keep a high Q in water, due to the two reflection layers on the top, which act as an isolator to prevent energy leakage into the water. Therefore, the novel device tends to have a better LOD.
Since the reflection layers act as a Bragg reflector, the top surface of the Mo reflection layer is insensitive to mass variations, leading to a mediocre LOD value. To solve this issue, we can adopt a localized sensing method [17] . If we punch a hole at the center of the device in the two reflection layers, the little center area of the top electrode (TE) can be accessed, which is highly sensitive to mass variations. The exposed TE area is used for mass detection, and the reflection layers around act as the energy protector to guarantee the high Q of the device in the liquid environment.
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Since the reflection layers act as a Bragg reflector, the top surface of the Mo reflection layer is insensitive to mass variations, leading to a mediocre LOD value. To solve this issue, we can adopt a localized sensing method [17] . If we punch a hole at the center of the device in the two reflection layers, the little center area of the top electrode (TE) can be accessed, which is highly sensitive to mass variations. The exposed TE area is used for mass detection, and the reflection layers around act as the energy protector to guarantee the high Q of the device in the liquid environment. 
Conclusions
A new structure of BAW resonator is presented in this paper. A Transfer Matrix method is applied to develop the computational modeling of the acoustic waves in the device. The dispersion types are analyzed, and a set of design rules for resonators is extracted. The dispersion relations can be changed by varying the thicknesses of the reflection layers in the stack. The new structure makes it feasible to fabricate both type I and type II resonators on one chip, which provides a promising solution to improve the pass band flatness in filters. This novel device also presents a high Q value in a liquid environment, which has great potential for real time measurements in liquids in biochemical sensing applications.
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